By incorporating the information of chain conformation into the free-energy calculation, the chain stretching effect on the morphology and kinetics of microphase separation of symmetric diblock copolymers under simple shear flow is investigated based on the time-dependent Ginzburg-Landau model. We first showed that the order-disorder transition ͑ODT͒ temperature increases with 1 ␥ , where 1 is the Rouse terminal relaxation time and ␥ is the shear rate. The simulation results show that 1 and ␥ play the central role in the morphology of microphase separated diblock copolymers. It is found that, for the case without chain stretching effect ( 1 ␥ ϭ0), perpendicular ͑with the lamella normal perpendicular to the flow direction and the velocity gradient direction͒ and parallel ͑with the lamella normal parallel to the velocity gradient direction͒ alignments are obtained for shallow and deep quenches, respectively. However, when the chain stretching effect is strong, i.e., high 1 ␥ , the undulated lamella transverse alignment ͑with the lamella normal parallel to the flow direction͒ can be observed. The processes of morphology forming and the lamella undulation are discussed based on the anisotropic growth of the correlation lengths.
I. INTRODUCTION
Research on complex fluids, such as polymers, emulsions, and colloidal suspensions, is now one of the most active fields in condensed-matter physics. 1, 2 The pattern formation dynamics of order-disorder transitions ͑ODT͒ of block copolymers has been an important example. The simplest block polymer is diblock polymer, which is formed by connecting two sequences of A and B monomers. Diblock copolymer melts have received much attention over the past years due in large part to their ability to self-assemble into a variety of ordered microstructures. 1, 2 The ODT of diblock copolymers was first theoretically studied by Leibler in the mean-field ͑MF͒ frame, 3 and later by Fredrickson and Helfand 4 and Ohta and Kawasaki. 5, 6 Contrary to current theories, Bates et al. 7 have found that the Gaussian-to-stretched coil transition occurs well below the ODT. Later, they introduce a dimensionless distance D of separation between A and B blocks, and formulate a block copolymer theory that accounts for chain stretching on the basis of Leibler's random phase approximation ͑RPA͒ theory. 8 Current interest has turned toward understanding flowinduced alignment microstructures. As to symmetrical diblock copolymer, by varying the shearing conditions and the temperature, the ''parallel alignment,'' i.e., lamellar normal is parallel to the velocity gradient direction, 9, 10 ''perpendicular alignment'' and ''transverse alignment'' in which the lamellar normals are parallel to the vortex direction, 11, 12 and to the velocity direction, 13 respectively, have been observed. In spite of these considerable experimental advances, the mechanism for flow-induced lamella alignment has not been well understood. The primary theory of ODT under simple shear flow was developed in the past decade. Fredrickson 14 first studied the scattering function of a diblock copolymer in the presence of a steady homogeneous flow field with a simplified stochastic model which can be derived from the models employed by Onuki and Kawasaki. 15 Fredrickson found that simple shear can suppress concentration fluctuations in disordered block copolymer and render the fluctuation spectrum highly anisotropic. Subsequently, several papers 16 -18 were published on the issue of the rheological properties of homogeneous diblock copolymer melts affected by the shearinduced suppression of fluctuations. By applying a selfconsistent Hartree approximation to the nonequilibrated system, Cates and Milner 19 studied the role of shear in the isotropic-lamella transition and first formulated the concept that the attenuation of the fluctuation field induced by shear drives the system towards the mean-field limit and eventually the disordered copolymer melts become less stable, which results in an apparent increase of the ODT temperature. Later, Fredrickson 20 modified the theory of Cates and Milner to incorporate different viscosity of the pure block components, and restored some neglected couplings between the mean composition pattern and composition fluctuation about the mean. Many qualitative features of experimental observations were reproduced. In particular, perpendicular lamellae were predicted to be stable at ODT under strong a͒ Author to whom correspondence should be addressed. Electronic mail: ylyang@srcap.stc.sh.cn shear condition, while lowering the temperature induced a transition to parallel lamellae. Huang and Muthukumar 21 solved numerically the self-consistent equation for composition fluctuation in diblock and triblock copolymer systems under a steady simple shear flow, and calculated the induced ODT and OOT ͑order-order transition͒ due to the attenuation of the fluctuation field caused by the external hydrodynamic field. Their results are not only in good agreement with the previous theories and the experimental data, but also resolve the earlier controversy arising from the discrepancy between them.
However, all the theoretical studies mentioned above are not applicable to the case of high shear rate, because the chain coil will be stretched and oriented along the shear flow direction, especially for chains with long terminal relaxation times, under high shear rate. It is not difficult to understand that the deformation of chain conformation will affect the microphase separation dynamics and the morphologies. But, to our knowledge, nobody has incorporated the chain conformation effect on the morphology evolution and kinetics of diblock copolymers under shear flow.
For polymer blends, however, several approaches [22] [23] [24] have been proposed to explain the flow effect by modifying the mean-field-or Flory-Huggins free energy to include elastic energy of deformation produced by the flow. But, these approaches are largely phenomenological in the sense that they don't directly relate the stored elastic energy to the chain conformation statistics. To overcome this disadvantage, Bhttacharjee et al. 25 have introduced conformation statistics to study the phase separation of polymer solutions in the elongational flow. Pistoor and Binder 26 derived the freeenergy functional of binary polymer mixtures under simple shear flow, including the stored entropic elastic energy originated from chain stretching. Based on this free-energy functional, Qiu and Yang 27,28 have demonstrated both experimentally and theoretically that the chain stretching due to the flow field will alter the dynamics, morphology, and rheological properties for a phase separating polymer blends. The results show that, 28 for higher value of Rouse terminal relaxation times, the domain burst due to the surface tension is suppressed and the domains are highly elongated and form the string-like patterns observed experimentally under strong shear. Following the theoretical and experimental results mentioned above, it is obvious that the chain stretching effect will also play important roles on the ODT, dynamics, morphology, and related rheological properties of diblock copolymers.
The time-dependent Ginzburg-Landau ͑TDGL͒ model is frequently used to numerically simulate the kinetics and morphology of diblock copolymer systems. Unfortunately, in most simulations based on TDGL model it is assumed that the characteristic time scales of external flow and the phase separation are substantially longer than the terminal relaxation time of the chain. However, this assumption fails when the flow rate is higher or comparable to the inverse of the chain terminal relaxation time. In this case, the detailed information of chain conformation under macroscopic flow should be included. The main objective of the present study is to investigate the effect of chain stretching on the ODT, kinetics, morphologies, and corresponding rheological properties of diblock copolymers under simple shear flow.
The following treatment is based on the assumptions that the polymer chains are not too long, so that the simple Rouse model 29 is sufficient to describe the dynamics of polymers in the melt, 26 and the mobility coefficients of two blocks are the same. In the next section, the free-energy functional for the diblock copolymer under simple shear flow, in which the conformation of a Rouse coil under shear flow is included, is derived. The derived free-energy functional will be incorporated into the TDGL equation in q space to solve the order parameter field in q space, (q,t). The morphological evolution of the system, (r,t), is obtained by inverse Fourier transformation of (q,t).
II. THEORY

A. Deformation of diblock copolymer coil under shear flow and its effect on ODT
Assume that the block copolymer chain has NϭN A ϩN B Gaussian statistical segments, where N A ӷ1 and N B ӷ1 denote the number of monomers of type A and B, respectively. The composition of the chain is defined as f ϭN A /N. For simplicity, for both blocks, the same Kuhn length, i.e., A ϭ B ϭ, is assumed. Following Leibler theory, 3 in the limit of zero compressibility the free-energy functional can be written as
where (q) is the Fourier transform of the order parameter (r)ϭ A (r)/-f with A (r) the local density of A segments at point r and the overall average segment's density. For the symmetric diblock copolymer under the random phase approximation ͑RPA͒, it is obtained that ⌫ 2 (q,Ϫq) ϭS Ϫ1 (q), and ⌫ 3 (q 1 ,q 2 ,Ϫq 1 Ϫq 2 )ϭ0. However, ⌫ 4 (q 1 ,q 2 ,q 3 ,Ϫq 1 Ϫq 2 Ϫq 3 ) is very complex, and it is assumed to be a constant in the following discussion. Following Leibler, the RPA scattering function S(q) for the diblock polymer can be written as 3
where is the Flory-Huggins parameter used to describe the effect of enthalpy of nonbonded interactions; W(q) and T(q) can be further expressed by partial structure factors, i.e.,
͑4͒
Therefore, in order to obtain the free-energy functional in the presence of shear flow, the key step is to derive these partial structure factors with the chain stretching effect. For simplicity, the conventional Rouse model is used. 30, 31 We must note that the Rouse model can be readily applied to the dynamics of polymer melts when the molecular weight is lower than the critical molecular weight for the occurrence of entanglement.
First, we consider a Rouse chain consisting of N beads with coefficient connected by Hookean springs with spring constant k. It is well known that kϭ3k B T/ 2 , where is the Kuhn length of the chain, and k B T is the Boltzmann constant times the absolute temperature. Then, the distribution function ⌿, describing the configuration of the coil, is conve- 
The matrix Ꭽ in Eq. ͑5͒ represents the flow vϭᎭ•r, which, for the case of simple shear flow, yields
where ␥ is the shear rate. The Smoluchowski equation for the probability distribution function of a single molecule has an analytical nonequilibrium steady solution 33
where p denotes the relaxation times
with 1 being the longest Rouse internal mode relaxation time. By introducing the following new coordinates:
͑11͒
The distribution function ⌿ becomes
͑12͒
Now, according to the above distribution function ⌿ of the Rouse chain under simple shear flow, we can take into account the diblock copolymer chain. We assume that the friction coefficients for both blocks are almost the same, i.e., A Ϸ B Ϸ. This assumption substantially simplifies the following derivation. For a diblock copolymer, partial structure factors are written as
where
and g͑m,n,q,␥ ͒ϭ N 2
͑17͒
It is clear that g(m,n,q,␥ ) is anisotropic and its anisotropy is measured by the value of 1 ␥ . However, g(m,n,q,␥ ) is isotropic when q x ϭ0, and thus S(q) is isotropic in the scattering plane (q y ,q z ) even in the presence of shear flow. It is known that, in the regime of qR G Ӷ1, where R G is the Gaussian radius of gyration of the whole chain, the function of exp͓Ϫg(m,n,q,␥ )͔ can be expanded in terms of q i (i ϭx,y,z). By using this expansion, Pistoor and Binder 26 derived expressions for the chain deformation under the simple shear flow and its effect on the collective scattering functions for polymer blends. However, for the microphase separation in diblock copolymers, the maximum of S(q) is approximately located at qR G ϳ4.0 or larger for all compositions, 3 thus, the condition of qR G Ӷ1 can never be satisfied. Thus, for obtaining all the partial structure factors, the numerical computation is necessary.
We should mention that it is a formidable task to investigate the chain stretching effect on the ODT temperature by numerically searching the global minimum of (T(q)/W(q)) and calculating the value of a parameter ⌬ for various 1 ␥ values, where ⌬ is the temperature-like parameter defined as min(T(q)/W(q)) 0 Ϫmin(T(q)/W(q)) 1 ␥ . Here, the term min(T(q)/W(q)) 0 ϭ10.495 corresponds to situation for 1 ␥ ϭ0. The numerical results reveal, in the (q x ,q y ) plane, two minimum values of (T(q)/W(q)) 1 ␥ located in the first and third quadrants with the reflection symmetry. The symmetry axis tilts away from the q x axis with angle of Ϫ. In the limit of 1 ␥ ӷ1, tends to be zero. In the (q x ,q z ) plane, two minimum values are located at (Ϯq x ,0). However, in the plane of (q y ,q z ), the coordinates of the minimum value consists of a circle due to the isotropy of S(q) when q x ϭ0. The numerical results for the global minimum values are shown in Fig. 1 . It is seen from Fig. 1 that ⌬ increases with 1 ␥ , which indicates that with the increase of 1 ␥ , the ODT temperature increases. More quantitatively, Fig. 1 shows that ⌬ ϳ( 1 ␥ ) 1.0 when 1 ␥ р1.0 and it levels off when 1 ␥ ӷ1.0.
We must point out that the Rouse model can be used assuming sufficiently low molecular weight diblock copolymer, and the mean-field theory is accurate at high molecular weights. So, our free-energy calculation is most appropriate at intermediate segregation just below the entanglement molecular weight.
B. Order parameter fluctuations in the presence of steady flow
In the presence of shear flow, the kinetic equation of the order parameter fluctuation for a diblock copolymer is written as
where the stochastic force (q,t) is related to Onsager coefficient M (q) via a fluctuation-dissipation theorem ͗͑q,t͒͑Ϫq,tЈ͒͘ϭ2M͑q͒q 2 ␦͑tϪtЈ͒.
͑19͒
For simplicity, we neglect the q dependence of M, i.e., M is assumed to be a constant. Here, we should mention that Eq. ͑18͒ can only be used to describe dynamics of the order parameter on time scales longer than Rouse terminal relaxation time.
III. SIMULATION ALGORITHM
In order to investigate the morphological evolution of microphase separation, Eq. ͑18͒ is adopted. For the ease of simulation we neglect the noise term, which is only important at very early stage of microphase separation; Eq. ͑18͒ is then simplified to
where (aϩb 3 ) q represents the Fourier transform of the bulk driving force term aϩb 3 . In the following simulation, we set M ϭ1.0. To solve Eq. ͑20͒, the semi-implicit Fourier spectral method is used. 34, 35 If we write aϩb 3 as f ((r)), the explicit Euler Fourier spectral algorithm is written as The accuracy in time can be improved by using a higherorder semi-implicit Fourier spectral scheme. For instance, when a second-order backward difference ͑BDF͒ for ͓‫(ץ‬q,t)͔/‫ץ‬t and a second-order Adams-Bashforth ͑AB͒ for the explicit treatment of a nonlinear term were applied to Eq. ͑20͒, the following second-order BDF/AB scheme is written as 34, 35 
In our simulation, the system is confined in a 64ϫ64ϫ64 cubic lattice, and we set ⌬q y ϭ2/64, q ␣ ϭ(2/64)(i Ϫ33), ͑␣ϭx,y,z, iϭ1,2,...,64͒. The system was initially prepared in a homogeneous state by assigning a random number to each lattice site. We may use Eq. ͑21͒ to compute 1 (q,t), and hence ͕ f ((r))͖ q 1 , which are needed to start the iteration in Eq. ͑22͒. In our simulation, the parameters are fixed as f ϭ0.5, Nϭ100, 2 ϭ1.5, and ⌬tϭ0.5. The parameter b is defined as bϭ(1Ϫa)/3, with aϭ2 in our case. An average was performed over four independent simulation runs with a different set of random numbers for each initial state. The temporal evolution of morphological pattern (r,t) shown in Figs. 2, 3 , and 5 were obtained by inverse Fourier transform of (q,t).
The correlation lengths at time t in different directions, R(x,t), R(y,t), and R(z,t), are calculated by 36, 37 
where S(q,t)ϭ͗(q,t)(Ϫq,t)͘ is the structure factor at the evolution time t.
IV. RESULTS AND DISCUSSIONS
A. The temporal evolution of morphological patterns
The microphase separation for the case of shallow quench (Nϭ12.0) and shear rate ␥ ϭ0.001 s Ϫ1 is shown in Fig. 2. Figure 2͑a͒ , shows the morphological evolution for the case of 1 ␥ ϭ0 in which the chain terminal relaxation time 1 ϭ0 and corresponds to the case of no chain stretching effect. It can be seen from Fig. 2͑a͒ that the orientation of the lamellar normal is perpendicular to the flow axis ͑x͒ and parallel to the vorticity axis ͑z͒ when the shear strain ␥ ϭ␥ tϳ10.0. This kind of lamellar alignment is called ''perpendicular alignment'' in the literature. [11] [12] [13] 38, 39 We must point out that, when 1 ␥ Ͻ0.1, the coil is only slightly deformed, i.e., the chain is not stretched, 26 and thus the morphologies are very similar to the case of 1 ␥ ϭ0. However, when 1 ␥ Ͼ0.1 ͑for example, 1 ␥ ϭ0.75͒ and ␥ ϭ0.001 s Ϫ1 , the chain coil deformation is substantial and its effect on the morphology of microphase separation of diblock copolymers is clearly seen from Figs. 2͑b͒ and 2͑c͒. It can be seen that, when the shear rate is high enough or the chain terminal relaxation time is long enough, the chain coil will be elongated along the flow direction. Therefore, the thermodynamic potential drives the system to form lamellar morphology and the flow field stretches the chain coil along the flow direction ͑x direction͒. These two effects result in the normal of the phase separated lamellar structure orienting along the flow direction, Figs. 2͑b͒ and 2͑c͒ . This type of lamellar orientation is called ''transverse alignment'' in the literature. 13 An interesting phenomenon during the formation of transverse alignment is that the lamellae in the x -y plane undulate. It implies that the transverse alignment is not stable due to the floating of the stretched diblock copolymer chains along the direction of steady shear flow. The detailed undulation process will be discussed in the next subsection. However, one can conjecture that this transverse lamella alignment can be stabilized under large amplitude oscillatory shear flow with zero net shear strain. In fact, Zhang and Wiesner 13 have observed this transverse alignment state, and the authors suggest that the chain stretching due to the topological constraints is responsible for this new type of alignment. We think that their experimental finding agrees with our simulation result. Now, we turn to discuss the case of deep quench. We set Nϭ20.0, and the shear rate ␥ ϭ0.001 s Ϫ1 . When the chain stretching effect is absent, i.e., 1 ␥ ϭ0, in contrast to the perpendicular alignment observed for shallow quench shown in Fig. 2͑a͒ , the parallel alignment is observed, Fig. 3͑a͒ . Our simulation results for the case without chain stretching effect are also consistent with Fredrickson's prediction 20 that the perpendicular lamellae are stable at high shear stress and for temperatures just below ODT, while parallel lamellae are favored under conditions of weak shear stress or low temperatures. It is known from both experiment and theoretical simulation that the sharp interface formed in deep quench will prefer the occurrence of parallel alignment. 13, 38, 39 However, when the chain terminal relaxation time is increased, i.e., 1 ␥ ϭ0.25, the parallel alignment of the lamellar plane starts to tilt away from the flow direction and tends to form the transverse alignment at intermediate shear strain. It tends to form the tilted parallel alignment when the shear strain is large, Fig. 3͑b͒ . When the deformation of the chain coils is even larger, i.e., 1 ␥ ϭ0.75, the transverse alignment is further observed, Fig. 3͑c͒ . However, this transverse alignment is also not very stable and is undulating in the x -y plane. One important fact is that the appearance of the transverse alignment needs higher terminal Rouse relaxation time compared with that for shallow quench.
B. The evolution of correlation lengths
The details of the morphological evolution can be more quantitatively characterized by the correlation lengths of R(x,t), R(y,t), and R(z,t) defined by Eq. ͑23͒, which are shown in Fig. 4 . The evolution of these correlation lengths describes the domain growth and the detailed pathways of forming different morphologies.
For the cases of shallow quench (Nϭ12.0), when 1 ␥ ϭ0 and ␥ ϭ0.001 s Ϫ1 , the perpendicular alignment is observed as shown in Fig. 2͑a͒ . The evolution of the correlation length in this case is shown in Fig. 4͑a͒ . It is seen from Fig.  4͑a͒ that R(x,t) and R(y,t) increase while R(z,t) decreases with increase of shear strain. At large strain, R(x,t) and R(y,t) are much higher than R(z,t). It should be mentioned that the value of R(z,t) at large strain corresponds to the lamella thickness. All of these observations reveal that the perpendicular lamella alignment is achieved.
It can also be seen from Fig. 4͑a͒ that, when the chain relaxation time ( 1 ␥ ϭ0.25) is increased, the chain stretching effects just begin to come into play and R(z,t) increases and oscillates while R(x,t) keeps almost constant when shear strain is larger than 2. The evolution behavior of R(y,t) oscillates around a constant. It is noted that, at large strain, R(x,t) reaches the value of lamella thickness while R(y,t) reaches the value of undulation period, which is larger than the lamella thickness. This result is consistent with the morphology shown in Fig. 2͑b͒ . When the chain relaxation time is even higher ( 1 ␥ ϭ0.75), it could be imagined that the chain will be more severely stretched and the transverse lamella alignment will more easily appear. The evolution of the correlation lengths for this case supports this conjecture. It is seen that, in this case, R(z,t) increases much faster than the case with shorter chain relaxation time. One very important feature of these two cases is that R(z,t) and R(y,t) oscillate with the shear strain. We must point out that this oscillation behavior is objective and cannot be eliminated by averaging over the independent simulations. Therefore, we would like to assign this oscillation to the undulation of the lamellae. The details of this process can be seen from Fig. 5 . The shear flow field stretches the diblock copolymer chains along the flow direction. At the same time, the thermodynamic potential drives the system to phase separation. Combining these two effects, it is easy to understand the appearance of the transverse lamella alignment. However, the transversely stacked lamellae under steady shear flow are not stable and they will be deformed under the shear flow. Therefore, it is seen from Fig. 5 that, under steady shear flow, the transversely aligned lamellae are first undulated. Then, the part of the undulated lamellae with higher curvature, i.e., the higher surface tension, will connect to the similar part of their nearest-neighboring lamellae to form the restructured lamellae with smaller curvature, which costs less interfacial energy. This bending and connecting process is responsible for the oscillations observed in the evolution of the correlation lengths. It is seen from Fig. 4͑b͒ that, for the case of deep quench (Nϭ20.0), when 1 ␥ ϭ0 and ␥ ϭ0.001 s Ϫ1 , the R(x,t) and R(z,t) increase while R(y,t) decreases with the increase of shear strain. At large strain, R(x,t) and R(z,t) are much larger than R(y,t), which corresponds to the lamella thickness at large strain. All of these observations reveal that the parallel lamella alignment is achieved. When the chain relaxation time is increased ͑ 1 ␥ ϭ0.25 and 0.75͒, the transverse alignment starts to appear and the evolution of the correlation lengths is quite similar to that shown in Fig. 4͑a͒ . However, the appearance of the transverse alignment requires higher chain relaxation time. Due to the same reason, the oscillation of the correlation lengths can be seen but the amplitude is not as high as that for shallow quench.
V. CONCLUSIONS
In this paper, the effects of steady shear flow-induced coil deformation on the morphology and dynamics of microphase separation in diblock copolymer systems are investigated based on Rouse model. Through the numerical simulation, the following conclusions can be drawn.
͑1͒ The ODT temperature will increase with 1 ␥ , and temperature-like parameter ⌬ change following the relations of ⌬ϳ( 1 ␥ ) 1.0 when 1 ␥ р1.0, and it levels off when 1 ␥ ӷ1.0. ͑2͒ Under the steady shear flow with ␥ ϭ0.001 s Ϫ1 , the perpendicular alignment ͑with the lamella normal perpendicular to the flow direction, x, and parallel to the vorticity direction, z͒ is observed for short Rouse terminal relaxation time and shallow quench depth (Nϭ12.0). However, for Nϭ12.0, the transverse lamella alignment ͑with the lamella normal parallel to the flow direction, x͒ is observed for longer terminal relaxation time ( 1 ␥ ϭ0.75) at the same shear rate (␥ ϭ0.001 s Ϫ1 ).
͑3͒ It is found that the transverse alignment is not stable under steady shear flow and thus the lamella is undulating in the x -y plane during flow. The detailed process of undula-tion is analyzed based on the snapshot of simulated morphologies and the evolution of the correlation lengths.
͑4͒ For the case of deep quench (Nϭ20.0) and ␥ ϭ0.001 s Ϫ1 , the system with short Rouse terminal relaxation time prefers the parallel lamella alignment ͑the lamella normal is parallel to the velocity gradient direction, y͒. However, the transverse lamella alignment can be observed again when the Rouse terminal relaxation time is long enough. Moreover, for deep quench, the formation of the transverse alignment requires higher Rouse terminal relaxation time than that of shallow quench.
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